An emerging paradigm shift for disease diagnosis is to rely on molecular characterization beyond traditional clinical and symptoms-based examinations. Although genetic alterations and transcription signature were first introduced as potential biomarkers, clinical implementations of these markers are limited due to low reproducibility and accuracy. Instead, epigenetic changes are considered as an alternative approach to disease diagnosis. Complex epigenetic regulation is required for normal biological functions and it has been shown that distinctive epigenetic disruptions could contribute to disease pathogenesis. Disease-specific epigenetic changes, especially DNA methylation, have been observed, suggesting its potential as disease biomarkers for diagnosis. In addition to specificity, the feasibility of detecting disease-associated methylation marks in the biological specimens collected non-invasively, such as blood samples, has driven the clinical studies to validate disease-specific DNA methylation changes as a diagnostic biomarker. Here we highlight the advantages of DNA methylation signature for diagnosis in different diseases and discuss the statistical and technical challenges to be overcome before clinical implementation.
Introduction
Inter-individual phenotypic diversity is not sufficiently explained by the approximately 0.1 % of genetic variation between individuals (Altshuler et al., 2015) . In addition, obtaining the sequence of the human genome could not account for how the cells in multicellular organisms sharing the same genetic code yet exhibit unique gene expression for their cellular functions (Waddington, 2012) . Epigenetics, first introduced by C. H. Waddington in 1939, was proposed as an additional layer of gene regulation in the limited context of primary DNA sequence differences (Jenuwein and Allis, 2001; Bernstein et al., 2010; Waddington, 2012) . Various epigenetic modifications including DNA methylation, histone modifications, and chromatin remodeling, can contribute to cell-type specific gene expression signature necessary for cellular function (Doi et al., 2009; Mack et al., 2016) . These epigenetic modifications are heritable but reversible and dynamic, thereby not only establishing specific cellular states but also responding to changes in microenvironment, which confers cellular plasticity (Mack et al., 2016) . In addition, epigenetic dysregulation could contribute to the development and progression of many diseases (Esteller, 2008; Hwang et al., 2017) . For example, aberrant epigenetic programs, such as hypermethylation at CpG island promoters of non-mutated tumor suppressor genes, are recurrently identified in pediatric and adult brain tumors, leading to proliferative advantages and aggressive phenotypes during tumorigenesis (Suva et al., 2013; Mack et al., 2016) . Abnormal epigenetic changes are also strongly associated with neurodegeneration by modifying disease risk, age of manifestation, and progression (Qureshi and Mehler, 2013; Hwang et al., 2017) . In addition to their biological role as pathogenic factors, epigenetic marks associated with specific disease are considered as emerging biomarkers for diagnosis and predictors of treatment response and prognosis in many diseases (Paluszczak and Baer-Dubowska, 2006; Qureshi and Mehler, 2013) . Intriguingly, it has been shown that the epigenetic changes can also be detected in different biologic fluids, such as blood, urine, and fecal samples (Van Neste et al., 2012; Haggarty, 2015; Diaz-Lagares et al., 2016; Jakubowski and Labrie, 2017) . Among epigenetic modification assays, the DNA methylation-based assay was the first FDA approved screening test for colorectal cancer (Song et al., 2017b) , suggesting that methylation analysis can be implemented in clinics as a screening test of different disease types. In this review, we will focus on the application of DNA methylation and its derivatives to diagnose various diseases and summarize the technical and analytical challenges to move their application into clinic.
Two independent studies, however, dramatically changed the understanding of dynamic regulation in 5mC by identifying ten-eleven translocation (TET) proteins that can oxidize 5mC to 5-hydroxymethylcytosine (5hmC) and generate further oxidative derivatives 5formylcytosine (5fC) and 5-carboxylcytosine (5caC) ( Fig. 1) (Ito et al., 2011; Plongthongkum et al., 2014; Schubeler, 2015; Yao et al., 2016) . Although the overall abundance of intermediates (5hmC, 5fC and 5caC) is much less than 5mC, further investigation into their biological functions in transcriptional regulation during embryogenesis and neurodevelopment revealed the independent roles of these intermediates beyond the demethylation process (Lappalainen and Greally, 2017) . Interestingly, the presence of another DNA methylation, adenine methylation (N6-methyladenine, 6mA), was recently identified in mammals even though the abundance is lower than that observed in prokaryotes (Heyn and Esteller, 2015) . While host defense is the main role of 6mA in prokaryotic systems, 6mA is deemed as a suppressive mark in eukaryotes based on its significant enrichment at transposable elements (Heyn and Esteller, 2015) . Recent studies support the role of 6mA in regulating neuronal gene expression (Yao et al., 2017) ; however, detailed functional investigation of 6mA's role in transcriptional regulation is needed. Identification of methylation and demethylation enzymes involved in adenine methylation will be critical.
Diagnostic role of DNA methylation markers in oncology
Since molecular markers are mechanistically associated with tumorigenesis, there have been multiple attempts to utilize molecular markers such as genetic, epigenetic, and transcriptomic alterations for cancer diagnosis (Esteller, 2008; Hanahan and Weinberg, 2011; Suva et al., 2013) . Alterations in primary DNA sequence are primary contributors of cancer initiation, development, and progression (Hanahan and Weinberg, 2011) . Although genetic instability is one of the hallmarks of cancer, a single genetic alteration cannot be reliably used as a diagnostic biomarker in that even the most frequently mutated gene, TP53, showed at best a 50% mutation rate in most tumor types (Olivier et al., 2010; Hanahan and Weinberg, 2011) .
Alternatively, DNA methylation is deemed as a great biomarker for cancer diagnosis in that methylation signature is more cancer origin-specific and commonly identified within the same primary tumor types (Jenuwein and Allis, 2001; Suva et al., 2013) . In addition, DNA can be isolated with high quality and sufficient yield from frozen biospecimens and formalin-fixed paraffin embedded (FFPE) tissues compared to RNA and protein, indicating that DNA methylation profiles may be a more promising diagnostic approach than RNA-or protein-based assays (Lou et al., 2014) . Many studies have already proposed the advantages of DNA methylation signature in cancer diagnosis. Here, we will highlight the wellestablished methylation signatures for diagnosis in the most common solid tumors including colorectal, prostate, lung, and breast cancers, as well as ongoing clinical and preclinical research to evaluate the specificity and sensitivity of these markers.
SEPT9, the first FDA-approved methylation assay for colorectal cancer screening
Colorectal cancer (CRC) is the third leading cause of cancer death in the United State even though the death rate in both men and women has been dropping for several decades (Siegel et al., 2018) . Early diagnosis for CRC is one of most effective strategies to increase survival rate. In this regard, the U.S. Preventive Services Task Force (USPSTF) recommends regular screening using stool-based tests (including guaiac-based fecal occult blood test (gFOBT), fecal immunochemical test (FIT) and multitargeted stool DNA test (FIT-DNA)), direct visualization tests (including colonoscopy, computed tomography (CT) colonoscopy and sigmoidoscopy), or serology tests (e.g., SEPT9 methylated DNA test), in adult aged 50 to 75 years (Ryan and Creagh, 2018) . Among these screening tests, colonoscopy has the highest efficacy, but the invasive procedure can increase morbidity as well as induce psychological pain (Ryan and Creagh, 2018) . Therefore, considerable effort is being made to identify novel cancer markers in biospecimens such as serum, plasma, and stool for the development of less invasive screening tests.
Aberrant DNA methylation is a key molecular event for CRC (Toyota et al., 2000; Toyooka et al., 2002; Ebert et al., 2005) . The cancer-specific DNA methylation is identified not only in primary tumor tissues but also in circulating tumor DNA (ctDNA) (Lofton-Day et al., 2008) , which enables the development of novel blood-based early detection tests for CRC. One of the major challenges to detect methylated targets in blood is the differentiation of target DNA from a vast excess of unmethylated or partially methylated background DNA (Lofton-Day et al., 2008) . The systemic, unbiased approach using restriction enzyme-based discovery methods followed by microarray and real-time PCR testing identified three candidate genes, transmembrane protein with EGF-like and two follistatin like domains 2 (TMEFF2), nerve growth factor receptor (NGFR), and septin 9 (SEPT9), as potential biomarkers for CRC (Lofton-Day et al., 2008) . The methylation levels of candidate genes were significantly higher in CRC tissue and CRC-derived DNA compared to healthy colon tissue, other tissues, and peripheral blood lymphocytes (PBLs) (Lofton-Day et al., 2008) . The three methylation markers were also detected in plasam samples from CRC patients with high sensitivity: 69% for SEPT9, 65% for TMEFF2, 51% for NGFR (Lofton-Day et al., 2008) . Among three markers, the SEPT9 gene was a primary focus in the following studies due to higher sensitivity than other markers. Multiple clinical studies with more than 5000 subjects validated 48.2%-95.6% sensitivity and 79.1%-99.1% specificity of the SEPT9 methylation assay (Song et al., 2017b) . Compared to early-stage SEPT9 methylation assay research kits and commercialized kits (ARUP Lab LDT assay and Epi proColon 1.0), the performance of two latest commercialized assays, Epi proColon 2.0 and SensiColon, was improved and stabilized on the basis of a higher sensitivity at 71.1%-95.6% and a higher specificity at 81.5%-99% (Song et al., 2017b) . The sensitivity (63.9%-80.9%) and specificity (75.5%-86.3%) of the SEPT9 methylation assay are comparable to FIT (sensitivity: 58.2%-76.5%; specificity: 94.1%-98.9%) (Johnson et al., 2014) . There are still concerns on the adequacy of the end point for approval, the increase in false-positive results, and an unclear relationship between the SEPT9 assay and the improvement of diseasespecific mortality (Parikh and Prasad, 2016) . However, the FDA approved the SEPT9
GSTP1, a potent diagnostic marker for early prostate cancer diagnosis
Prostate cancer (PCa) has one of the highest cancer incidence rates in men and is a leading cause of cancer death (Siegel et al., 2017) . Since early diagnosis can lead to better prognosis, many screening and molecular testing have been evaluated for early detection of PCa cases (Crawford, 2009; Schroeder et al., 2009; Wolf et al., 2010) . PSA (prostate-specific antigen) testing is currently available as a PCa screening test recommended for men aged 50 and older. This test measures the amount of PSA in a blood sample with PSA levels frequently elevated in the presence of PCa (Stamey et al., 1987; Catalona et al., 1994; Carter, 2000; Wolf et al., 2010) . However, PSA elevation in blood is also associated with other benign (non-cancerous) conditions such as enlarged prostate (benign prostatic hyperplasia, BPH) and inflamed or infected prostate (prostatitis) (Van Neste et al., 2012) . In this regard, overdiagnosis and overtreatment based on positive PSA test results can yield unnecessary and invasive diagnostic procedures to healthy people and produce a substantial socio-economic cost (Mettlin et al., 1997; Barry, 2001) . Accordingly, demands on a better PCa screening test have led to the identification of more accurate and reliable molecular alternatives.
Since 1994 when the link between glutathione S-transferase Pi 1 protein (GSTP1) and PCa was discovered, hypermethylation at the CpG island promotor region of GSTP1 is frequently identified exclusively in tumor tissues, even in early stage (Lee et al., 1994; Chu et al., 2002a; Chu et al., 2002b; Maruyama et al., 2002; Bernardini et al., 2004) . In addition, histological analysis using immunohistochemistry (IHC) demonstrated that the abnormal hypermethylation is significantly associated with negative expression of GSTP1 in PCa lesion compared to adjacent normal (Lee et al., 1994; Song et al., 2002) , which could result from the inhibition of transcriptional factor SP1 binding (Lee et al., 1994) . Due to recurrent methylation in PCa, a number of recent clinical studies have tried to evaluate the sensitivity and specificity of GSPT1 methylation assay as a novel diagnostic test for PCa. Recent metaanalysis by integrating 35 independent studies using more than 1000 patients revealed both high sensitivity (82%) and high specificity (95%) of tissue-based GSTP1 methylation assay while blood-based PSA testing exhibited high sensitivity (82.8%) but low specificity (38.6%) (Van Neste et al., 2012) . However, another meta-analysis which evaluated the performance of GSTP1 methylation assay using body fluids including plasma, serum and urine, showed 89% of the pooled specificity and 52% of the pooled sensitivity . Low sensitivity of non-invasive GSTP1 methylation assay may be due to a technical difficulty to discriminate tumor-derived DNA fraction from excessive background DNA in blood or urine. Given that the combination of GSTP1 with other candidate genes such as adenomatous polyposis coli (APC) and retinoic acid receptor beta (RARB) in tissue-based methylation assay showed improved sensitivity (Van Neste et al., 2012) , multi-target approach could resolve low sensitivity issue of non-invasive methylation assay. Despite low sensitivity, high specificity of current non-invasive GSTP1 methylation analysis can complement PSA test, contributing to the improvement of detection accuracy and management of PCa cases as well as non-cancerous symptoms in the future.
Chest X-ray is a currently used approach to detect lung cancer (Nikolaidis et al., 2012) . A solitary pulmonary nodule (SPN) is, however, detectable on reaching the reliable size of at least 9 mm after approximately 30 doubling times (Erasmus et al., 2000) . Given that late diagnosis substantially links to poor survival rate, early diagnosis of lung cancer by identifying molecular signature in minimally or non-invasive specimens benefits treatment and prognosis of lung cancer (Leng et al., 2012; Nikolaidis et al., 2012) .
Distinctive transcriptions in lung cancer are distinguishable from normal as well as other lung infectious disorders such as pulmonary tuberculosis, pulmonary sarcoidosis, and pneumonias (Bloom et al., 2013) . Although transcriptional signatures detectable in blood are a promising biomarker for non-invasive lung cancer diagnosis, without prominent signal-tonoise ratios (SNRs) (Bloom et al., 2013) , it is challenging to establish a reliable marker if the amount of tumor-derived mRNA is scarce. On the other hand, epigenetic signature, primarily DNA methylation, usually has a bimodal distribution, which facilitates analysis of sparse genetic materials in biological specimens (e.g., bronchial aspirate (BAS) or sputum), and therefore, enables early detection (Ahmed, 2010; Nikolaidis et al., 2012; Diaz-Lagares et al., 2016) . In addition, progressive change in epigenetics across disease stages endows the implementation of epigenetic markers to determine the progression and stage of lung cancer (Diaz-Lagares et al., 2016) .
A recent clinical study identified a novel epigenetic signature based on the four genes: branched chain amino acid transaminase 1 (BCAT1), cysteine dioxygenase type 1 (CDO1), tripartite motif containing 58 (TRIM58), and zinc finger protein 177 (ZNF177) (Diaz-Lagares et al., 2016) . In this study, the hypermethylation of these four genes was recurrently detected in discovery cohorts (the Cancer Genome Atlas (TCGA) and the CURELUNG FP7 Consortium datasets) and independent cohorts, but globally absent in normal counterpart (Diaz-Lagares et al., 2016) . The hypermethylation signature is also identified in minimally invasive samples such as BAS, bronchoalveolar lavage (BAL) fluid, and sputum (Diaz-Lagares et al., 2016) . In addition, the expression of hypermethylated genes was downregulated, consistent with well-established mechanism of DNA methylation to silence gene expression (Herman and Baylin, 2003; Belinsky, 2004; Kwon et al., 2012; Diaz-Lagares et al., 2016) . This study provides a novel epigenetic predictive model that may help to improve lung cancer diagnosis.
DNA methylation analysis for early diagnosis of breast cancer
Breast cancer is the most prevalent malignancy among women in the U.S. (Siegel et al., 2017) . The advent of high-throughput assay led to intensive investigation of breast cancer at the molecular level since the early 2000s (Sorlie et al., 2001; Banerji et al., 2012; Yates et al., 2015) . The molecular characterization of genomics and epigenetics for the past decades contributes to the classification of breast cancer patients into four major subtypes (including luminal A, luminal B, triple negative/basal-like and HER2 type), facilitating the establishment of better treatment for each subtype (Sorlie et al., 2001) . Additionally, the development of targeted therapies such as Herceptin opened a new era toward precision medicine through molecular profiling, a promising approach to improve patients' survival (Slamon et al., 2001) . In addition to therapeutic benefits, genetic and epigenetic analyses contributed to improvement of molecular pathology based on tumor-specific gene panels (Jovanovic et al., 2010; Banerji et al., 2012; Yates et al., 2015) . Mammogram-based diagnosis is a gold standard of breast cancer screening for women at age 40 (Paalman et al., 2016) . However, up to 4% of false positive rate engendered an unnecessary invasive procedure to confirm breast cancer. Three key genetic mutations/amplification in estrogen receptor (ER), progesterone receptor (PR) and Erb-B2 receptor tyrosine kinase 2 (ERBB2/ HER2) are initially considered as molecular candidates for diagnostic testing; however, 15%-20% of breast cancer patients represents triple-negative breast cancer (TNBC), and no genetic mutations account for TNBC (Sorlie et al., 2001; Yates et al., 2015) . As such, genetic abnormalities are not ideal biomarkers for breast cancer detection through blood testing (Paalman et al., 2016) .
A number of recent studies investigated the potential of methylated cell-free DNA (cfDNA) as a non-invasive biomarker for breast cancer diagnosis (Cheuk et al., 2017) . Methylation analysis of three genes, Ras association domain family member 1 (RASSF1A), GSTP1, and RARB, exhibited a better sensitivity for the detection of early-stage breast cancer (sensitivity: 22%-26%) than assays of two conventional serum tumor markers, carcinoembryonic antigen (CEA) and cancer antigen 15-3 (CA15-3) (sensitivity: 8%-19%) . Although sensitivity of CEA/CA15-3 assay (sensitivity: 59%) was comparable to that of methylation analysis using the three genes (sensitivity: 55%) in the case of metastatic cancer, combined assays improved overall sensitivity (78%), implying that methylation analysis could complement conventional screening assay for breast cancer . In addition, the promoter of SRY (sex determining region Y)-box 17 (SOX17) gene was significantly methylated in primary breast cancer tissues (86.0%) as well as cfDNA in early breast cancer cases (34.5%) and metastatic cancer cases (40.7%) (Chimonidou et al., 2013) ; however, methylation analysis of the SOX17 gene alone was not sufficient to detect breast cancer. Methylation assay using multi-gene panel, therefore, should be taken into account to enhance the sensitivity and specificity of breast cancer screening.
Molecular diagnostics with DNA methylation signature for brain disorders
Neurological and psychiatric disorders are the disease of central and peripheral nervous system, causing an increase in chronic disability and morbidity as well as mortality worldwide (Group, 2017) . Despite growing population, diagnosis mainly relies on medical history, a review of symptoms and conditions, and physical examination. Some imaging techniques such as a CT scan and magnetic resonance imaging (MRI) are also used for a diagnostic test, but laboratory screening tests and genetic tests, if available, are the first-line diagnostic tests due to quick and accurate procedure. Early diagnosis is critical to delay disease progression and relieve disease-associated symptoms with proper intervention and treatment; therefore, substantial and intensive efforts are required to develop a more accurate and reliable molecular diagnostic test.
A number of genome-wide association (GWA) studies have contributed to the identification of risk loci and genetic variations associated with common neurological and psychiatric diseases including autism spectrum disorder (ASD), migraine, schizophrenia (SZ), epilepsy, Alzheimer's disease (AD) and Parkinson's disease (PD) (Schizophrenia Working Group of the Psychiatric Genomics, 2014; Poduri, 2015; Gormley et al., 2016; Van Cauwenberghe et al., 2016 ; Autism Spectrum Disorders Working Group of The Psychiatric Genomics, 2017; Chang et al., 2017) . However, most of disease-associated genetic variations are too lowpenetrance to be used as diagnostic markers although these large-scale studies have provided a hint to develop new drugs for the alleviation of clinical symptoms for AD (Han and Mook-Jung, 2014; Schneider et al., 2014) . Since dynamic DNA methylation during both early development and adulthood confers neuronal plasticity in response to environmental stimuli (Baker-Andresen et al., 2013; Wang et al., 2016) , its dysregulation is associated with pathogenesis (Grayson and Guidotti, 2013; Delgado-Morales et al., 2017) . In addition, recent studies have highlighted disease-specific cell-free circulating DNA methylation patterns as the potential biomarkers (Hwang et al., 2017; Jakubowski and Labrie, 2017) . We will review the latest studies that identify methylation candidates for future diagnosis of common neurological and psychiatric disorders including ASD, SZ, AD and PD.
ASD
ASD is a complex developmental disorder characterized by the disability of social communication and interaction. The improvement of clinical outcomes by early intervention has been proven by early intervention programs such as the Early Start Denver Model (ESDM) and early intervention services supported by the Individuals with Disabilities Education Act (IDEA), but diagnosis in infants is still challenging due to lack of standardized molecular screening tests. Several twin studies and family-based studies revealed high heritability of ASD (55%-80%) (Lichtenstein et al., 2010; Sandin et al., 2014) , promoting GWA studies to identify genetic factors associated with ASD pathogenesis (Autism Spectrum Disorders Working Group of The Psychiatric Genomics, 2017). Among several candidate genes, the association of variants of the oxytocin receptor gene (OXTR) with ASD are validated in multiple GWA studies, and subsequent functional studies elucidated that OXTR and oxytocin (OXT; a substrate of OXTR) plays a critical role in social perceptual process and the regulation of affiliative behavior (Ylisaukko-oja et al., 2006; LoParo and Waldman, 2015) . In addition to its variants, converging evidence suggested the association of promoter methylation at OXTR with ASD (Jack et al., 2012;  RNA nuclear enriched abundant transcript 1 (lnNEAT1) (Nardone et al., 2017; Wong et al., 2014) . Along with differential methylation levels at specific genes, recent multivariate data analysis revealed that the global level of DNA methylation combined with the concentration of other metabolites in blood could be used as a potential classifier and predictive marker for adaptive behaviors (Howsmon et al., 2017) . Although DNA methylation has not been widely studied as a diagnostic biomarker for ASD, more research can evaluate the potential of altered methylation signature frequently detected in ASD for early diagnosis in the future.
SZ
SZ is a severe mental disorder that impairs a person's ability to think, feel and behave clearly. Current diagnosis is based on physical exam which checks whether a person has two or more of the following SZ-associated symptoms persistently: delusions, hallucinations, disorganized speech, disorganized or catatonic daze, bizarre or hyperactive behavior. Although antipsychotic medicines are prescribed to alleviate the symptoms and help normal daily life, early intervention and preventative approach before onset of disease are the main goal to manage this disease effectively. Therefore, recent many studies aim to identify blood-based molecular biomarkers for early diagnosis. Nearly 40% of molecular biomarker studies focused on protein level changes (Lai et al., 2016) . In recent multi-cohort analysis, a blood-based biomarker containing an optimized set of 26 analytes showed high sensitivity (59%-91%) and specificity (65%-81%) in terms of discriminating affected patients from healthy control (Chan et al., 2015) . However, another experimental target, methylation and its derivatives, drew more attention since proteins implicated in DNA modifications are frequently altered in SZ (Grayson and Guidotti, 2013) . Increased level of total methylation in telencephalic GABAergic neurons is frequently detected in affected patients, which is caused by aberrant overexpression of DNA methyltransferase 1 (DNMT1) and DNMT3A (Zhubi et al., 2009) . As the consequence of global hypermethylation, the mRNA expression of glutamic acid decarboxylase 1 (GAD1), an enzyme involved in GABA synthesis, is significantly reduced in brain (Akbarian and Huang, 2006) . In addition, the methylation level of other genes in GAD1 regulatory network was assayed, resulting in the identification of disease-associated tissue-specific methylation enrichment at three genes, msh homeobox 1 (MSX1), cyclin D2 (CCND2), and death domain associated protein (DAXX) in hippocampus of SZ patients relative to healthy control (Ruzicka et al., 2015) . Although these studies highlighted the association of abnormal methylation with SZ, further investigation to determine whether differential methylation patterns associated with SZ are replicated in blood should precede the development of DNA methylation biomarkers for early diagnosis of SZ.
AD
AD, a major form of dementia, affects estimated 48.6 million people worldwide in 2015, and is characterized by a progressive reduction in neuronal functions and the distinguishable accumulation of two different protein aggregates, amyloid plaques and neurofibrillary tangles, in brain (Sanchez-Mut and Graff, 2015) . The progression, albeit there exists interpersonal variability, shows slow and irreversible patterns. Intervention in the early stage is a proven successful management of AD progression. However, in most cases, clinical diagnosis is not made in a timely manner due to a lack of solid molecular biomarkers. Deep Kim et al. Page 9 J Genet Genomics. Author manuscript; available in PMC 2019 February 20.
sequencing of AD samples contributed to the identification of AD-associated genetic factors (Guerreiro et al., 2012; Vinkhuyzen et al., 2013) , but there are no strong driver mutations hitherto to explain AD pathogenesis, suggesting the critical role of non-genetic factors. ADspecific alterations in DNA methylation and histone modification have been explored (De Jager et al., 2014; Sanchez-Mut and Graff, 2015) . Although global hypomethylation is a general trend of AD samples, hypermethylation of two genes, sorbin and SH3 domain containing 3 (SORBS3) and Ankyrin 1 (ANK1), has been frequently reported in two AD mouse models (i.e., APPswe/dE9 and 3xTg-AD) and longitudinal studies of AD-affected samples (De Jager et al., 2014; Sanchez-Mut and Graff, 2015) . On the other hand, the brain derived neurotrophic factor (BDNF) gene, showing increase in methylation in independent Asian AD cohorts, is rarely methylated in Caucasian AD population, suggesting differential methylation could be associated with genetic background (Chang et al., 2014; Carboni et al., 2015; Nagata et al., 2015) . As such, one or two methylation loci are not suitable to diagnose AD in multi-genetic background population (Fransquet et al., 2018) , but emerging interests in methylation profiles using a large AD cohort can lead to the identification of methylation signature associated with AD incidence in near future, which will open a new era to facilitate AD diagnosis in an early phase.
PD
PD is an adult onset neurodegenerative disease, which more than 10 million people suffer from worldwide (Jakubowski and Labrie, 2017) . Better treatment outcome could be achieved by early diagnosis and intervention before severe disease progression (Pilleri and Antonini, 2015) . The identification of molecular biomarkers is, hence, an ongoing interest in PD research area (Valadas et al., 2015; Yeo et al., 2015) . Recent exploration of epigenetic alterations in PD samples contributed to a better understanding of PD etiology and prediction of disease development of at-risk individuals (Jakubowski and Labrie, 2017) . Indeed, significant hypomethylation at the promoter of the α-synuclein (SNCA) gene in PD cases was recurrently described in three independent studies (Jowaed et al., 2010) . Importantly the changes found in brain tissues could also be detected in blood samples. However, age-dependent differential methylation patterns of SNCA suggest that one biomarker is not sufficient for accurate PD diagnosis. Genome-wide DNA methylation analyses by either probe-based or sequencing-based platform have provided more than 700 candidate epigenetic loci differentially expressed in brain, blood, and saliva samples from PD cases (Chuang et al., 2017; Jakubowski and Labrie, 2017) . Mitochondrial methylation change at the D-loop region, a key locus of transcription and replication of mitochondria, is considered as a plausible epigenetic mark for PD diagnosis (Jakubowski and Labrie, 2017) . Relative to healthy individuals, almost all CpG and non-CpG sites of the D-loop region of mtDNA have shown a loss of DNA methylation in PD patients without the alteration of hydroxymethylation at the same region (Jakubowski and Labrie, 2017) . Recurrent hypomethylation information on mtDNA can be supplemented to improve the accuracy of PD diagnosis in the case that the pattern found in brain tissues could also be detected in blood sample. 
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Challenges of developing non-invasive diagnostic epigenetic testing
Epigenetic profiling, mainly DNA methylation analysis, is a promising approach to improve current diagnostic problems in clinics (Jankowska et al., 2015) . Along with the advancement of sequencing technology (Table 1) , whole-genome methylation profiling allows to identify many candidate variations for precise classification of disease status in discovery phase (Paluszczak and Baer-Dubowska, 2006; Fernandez et al., 2012; Moran et al., 2016b; Hwang et al., 2017) . However, in a clinical setting, not all methylation information across the genome is needed for diagnosis. How many DNA methylation sites are needed for accurate diagnosis should be determined by meta-analysis of multiple clinical studies and large prospective studies to evaluate the combined performance of methylation analysis and establish the relationship between methylation status of multi-loci and disease (Diaz-Lagares et al., 2016) . In addition, scientific evidence with the limited number of samples would not be sufficient to substitute the epigenetic information for standard diagnosis methods due to population bias (Moran et al., 2016b) . Epigenetic modifications could be influenced by biological age, diets, and environment. Since normal controls are usually recruited from family members or someone living in the same geographic area, the controls included in clinical studies may not represent healthy general population. In the case of rare diseases, such a situation can be more problematic. Even if the false positive rate of identified epigenetic signature in healthy groups is less than 1%, positive predictive value (PPV), the major performance parameter of a diagnostic test, would be small due to rare incidence rate of disease. External validation by integrating normal population-based studies, including human epigenome consortium and the Roadmap Epigenome Project, will fortify the specificity of epigenetic signature in discovery phase (Bernstein et al., 2010; Heyn and Esteller, 2012; Davis et al., 2018) .
Although biopsy is a reliable resource to determine disease status, invasive procedure not only engenders health problems but also prevents obtaining samples particularly in the case of brain disorders. Emerging evidence highlights that cfDNA identified in blood contains various tissue-originated DNA (Lehmann-Werman et al., 2016; Snyder et al., 2016) . A recently introduced multi-analyte blood test, called CanerSEEK, exhibited the high performance for the early detection of 8 common cancer types using the combined assays of 16 genetic mutations in cfDNA and 8 protein biomarkers (Cohen et al., 2018) . However, mutation-based screening may not be optimal for tumors having low mutation rates such as pediatric and hematological cancers. For such tumors, methylation marks can contribute to increase in sensitivity without changes in specificity. Tissue-specific methylation marks can be conserved even after detaching from the original organs, and by combining adjacent methylation marks called methylation haplotype blocks, even heterogeneous tissue samples can be differentiated by analyzing cfDNA (Guo et al., 2017) (Fig. 2 ). Since these unique methylation patterns are dependent on pathological progression of various disease such as diabetes, cancer, and traumatic brain, methylation profiling of cfDNA facilitates the improvement of follow-up cares beyond clinical diagnosis (Lehmann-Werman et al., 2016) . In addition to methylation, 5hmC is detectable in cfDNA. Despite its low abundance, specificity of 5hmC depending on tissue origin and various cancer types elucidated its potential as a diagnostic biomarkers Song et al., 2017a) . As such, the integration of both 5mC and 5hmC profiling can be a more reliable biomarker for diagnosis as well as follow-up of diseases.
Conclusion
Early intervention of diseases could significantly reduce medical costs in terms of hospitalization and drug. The post-sequencing era facilitates the identification of molecular classifiers of disease status and its implementation for early diagnosis. Transcriptome information produced by microarray represents the first disease-causing molecular alterations, but technical reproducibility and ambiguous interpretation are considered as limitation for clinical application. In addition, genetic mutations are not always reliable as effective sources to accurately diagnose the disease, particularly in the case that diseaseassociated genetic factors are not identified yet or genetic basis is complex. Epigenetics, including DNA methylation, histone code, and 3D conformation of chromatin, is an emerging candidate for disease diagnosis. DNA methylation draws more attention since the modification is stable and inherited (Heyn and Esteller, 2012; Haggarty, 2015) . Its binomial patterns of disease-associated genetic regions enable to distinguish the presence of disease. In many diseases, such as cancers and neurological disorders, the feasibility of DNA methylation assay for diagnosis has been reviewed through clinical studies (Esteller, 2008; Heyn and Esteller, 2012; Nikolaidis et al., 2012; Van Neste et al., 2012; Suva et al., 2013; Haggarty, 2015; Hwang et al., 2017) . For example, SEPT9 methylation analysis was the first FDA-approved blood test with a high sensitivity and specificity in for colorectal cancer screening and early detection (Song et al., 2017b) . In addition, GSTP1 methylation assay is considered as an alternative diagnostic testing of prostate cancer. Compared to widely-used PSA assay, the hypermethylation of GSTP1 promoter was found to be exclusively detected in prostate cancer patients so that the methylation assay exhibited lower false positive rate consistently in numerous studies, suggesting a good biomarker of GSTP1 methylation for prostate cancer case (Van Neste et al., 2012) . In other examples in lung and breast cancers, methylation status of multi-genes is informative for disease diagnosis (Atalay, 2013; Liloglou et al., 2014; Paalman et al., 2016) . The presence of cancer-type specific methylation signature in blood allows the unbiased molecular diagnosis for early diagnosis, early treatment and monitoring disease progression without invasive procedure. In addition to cancer-related methylation changes, methylation signature implicated in neurological and neuropsychiatric disorders can be a promising biomarker for disease detection and accurate diagnosis (Hwang et al., 2017) . A recent genome-wide methylation study highlighted that syndrome-specific DNA methylation epi-signature identified in 14 Mendelian disorders could contribute to the precise classification and diagnosis of complex neurodevelopmental syndromes (Aref-Eshghi et al., 2018) . However, technical and analytic issues of methylation assays remain to be resolved before clinical application (Diaz-Lagares et al., 2016; Heyn and Esteller, 2012) . More technical advance and extensive clinical studies will facilitate the successful implementation of epigenetic assay for disease diagnosis in the near future.
Fig. 1. Cytosine modifications in mammalian genome
The fifth position of cytosine can be methylated by DNA methyltransferases (DNMT1, DNMT3A, and DNMT3B) to generate 5-methylcytosine (5mC). The methyl group of 5mC can be oxidized by ten-eleven translocation (TET) family enzymes (TET1, TET2, and TET3), generating 5-hydroxymethylcytosine (5hmC), 5-formlycytosine (5fC), and 5carboxycytosine (5caC). While 5mC is maintained by the interaction between the replication machinery and DNMT1, no maintenance mechanisms exist for the oxidative derivatives; therefore, the levels of 5hmC, 5fC and 5caC are diminished over the replication (passive dilution). In addition, 5fC and 5caC can be excised by thymine DNA glycosylase (TDG), and eventually replaced with cytosine (active demethylation by base excision repair (BER)). Both passive and active demethylation mechanisms contribute to dynamics of cytosine modification.
